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SUMMARY

The Center for Scientific Excellence in Offshore
Engineering was established at MIT in September, 1983 by a five
year grant of $2 million from The Standard 0il Company with
three principal objectives: 1) to conduct coordinated
interdisciplinary research on Arctic offshore engineering in
partnership with industry; 2) to support students engaged in
offshore engineering research; and 3) to develop a scientific
interchange program. The Center has typically involvéd about 30
MIT faculty and graduate students from the Departments of Civil
Engineering and Ocean Engineering. They have conducted from
four to eight individual research projects each year with
funds from the Center and other sponsors in collaboration with
several Technical Representatives from Standard 0il Production
Company (SOPC). An Advisory Committee, with members from MIT
and SOPC, annually reviews research results and budgets and
recommends changes in program emphasis or direction.

Establishment of the Center has contributed to the
following accomplishments during the past four years:

1) Provided an unigue opportunity for faculty, students and
industry to work together on a large scale cooperative,
interdisciplinary effort encompassing ice and structural,
geotechnical, risk and reliability and hyérodynamic aspects
of offshore engineering in the Arctic.

2) Made significant progress in development of innovative
applied and basic technology to specifically address major
technical problems posed by the design, construction and’
operation of offshore hydrocarbon facilities in the Arctic
environment. The Center has also provided leadership to the
Arctic offshore engineering community via participation in
conferences, workshops and technical committees and by 1its
professional publications.

3) Attracted top qguality graduate students who have acguired



special expertise in offshore engineering and Arctic
technology (12 SM theses and 5 doctoral theses to date, with
7 doctoral theses currently in progress).

4) Generated broad based support, mostly from governmental
agenéies, for the Center's activities totalling S$1.7M
in addition to $1.5M from Standard 0il over the past four
years.

Last year, Standard 0il reduced the amount of the original
grant due to the decline in 0il prices. The original
contractual Agreement with MIT has also been modified to enable
continued support of the Center by the oil industry.

This proposal invites oil companies to become sponsors of
the Center starting January 1, 1988 for an annual fee of $30,000
to support interdisciplinary research in the areas of ice
mechanics, ice-structure interaction, geotechnical engineering
and hydrodynamic modeling. Consortium Members will receive the
following benefits.

1) Immediate access to all prior research results developed as
part of the Center's activities over the past four years.

2) The right to representation on the Advisory Committee.

3) An invitation to actively engage in cooperative research Dby
a variety of mechanisms, including technical review meetings

and exchange of personnel.

€3



TABLE OF CONTENTS
Page No.
SUMMARY 2
1. BACKGROUND 5
1.1 Overview of the Center 5
1.2 Accomplishments of the Center 7
1.3 Recent Developments 9
1.4 Consortium Cooperative Sponsorship 10
1.5 Proposed Operation During 1988 12
2. RESEARCH OBJECTIVES, ACCOMPLISHMENTS AND
IMMEDIATE-FUTURE PLANS 13
5.1 Ice Mechanics and Ice-Structure Interaction 13
2.1.1 1Introduction 13
2.1.2 Constitutive description of deformation
and failure of ice 14
2.1.3 Analytical and Numerical Modeling of
Ice-Structure Interaction 18
2.1.4 Analysis of Global Failure Mechanisms
of Ice Floes and Ridges 21
2.1.5 Temperature materials and strucutural 22
models testing facility
2.2 Geotechnical Engineering 24
2.2.1 Background and research objectives 24
2.2.2 Research approach and past
accomplishments: experimental 25
2.2.3 Research approach and past
accomplishments: theoretical 27
2.2.4 Planned research for 1988 29
2.2.5 Genereal plans for continuation
after 1988 30
2.3 Hydrodynamic Modeling 31
2.3.1 Background and research objectives 31
2.3.2 Research approach and past
accomplisnments 32
2.3.3 Planned resecarch for 13888 23
2.3.4 General plans for continuation ’
after 1988 36
2.3.5 References 38
3. BIOGRAPHICAL DATA FOR PRINCIPAL INVESTIGATORS 39
Attachment: Administrative Progress Report No. 7, Augus: 1987



(i3

1. BACKGROUND

1.1 OVERVIEW OF THE CENTER
The Center for Scientific Excellence in Qffshore

Engineering was established at MIT in September, 1983, by a five

year grant of two million dollars awarded by the Standard Oil

Company (now BP America, Inc.) on the basis of a national

competition. As described in the Center's Administrative

Progess Report No. 7 (enclosed), the criteria used to evaluate

the nearly preliminary 1,000 proposals and to select five

universities from among 35 finalists stressed excellence in the
area of study, support and training of students, collaboration
with Standard 0il and innovative research on problems of
national significance.

_The grant to MIT originally provided $400,000 annually over
five years to undertake three tasks.

1) Conduct coordinated research with the primary objective of
developing the technology necessary for an overall
evaluation of alternative design concepts for Arctic
offshore exploration and production platforms. This
interdisciplinary effort would encompass sasic and applied
research on ice and structural, geotechnizl, risk and
reliability, and hydrodynamic aspects of cifshore

engineering in the Arctic.

]

2) ©Provide support to graduate students engaced in Arctic

14

of fshore encineering research.

3) Develop a scientific interchange progran Hetween MIT and
ge T C
1

.

Standard Cil involving: technical collabcration on research
projects, personnel exchange and a progran cf symposia,
seminars ané short courses.

Sstablishment of the Center furthered MIT's coal of playing
e

e

a leadership role in education and research bv extending its
already substan:iial offshore program into the newly developing
£ield of irctic engineering and by expanding is partnership
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with industry. This opportunity was considered especially
important given forecasts of petroleum reserves in the North
American Arctic and the unigue technological problems posed by
resource development in this geographical frontier due to the
severe environment, massive ice floes and weak ocean sediments.

The Center has typically involved about 30 MIT faculty and
graduate students from the Departments of Civil Engineering and
Ocean Engineering and between five and ten engineers from
Standard 0il Production Company (SOPC). An Advisory Committee
(six from MIT and three from SOPC) meets once or twice yearly to
review research results and budget allocations, to recommend
changes in program emphasis or direction, and to evaluate the
overall effectiveness of the Center. From four to eight groups
of MIT faculty and students conduct individual research projects
with funds from the Center and from other sources such as U.S.
government agencies, private industry and MIT endowed chairs.
Section 2.2 and Table 1 of the Administrative Progress Report
No. 7 summarize specific research tasks undertaken by the Center
since 1983. Appendix C of that Report shows how the Center has
allocated its budget among the various research projects, with
about 12% being devoted to administration and the Scientific
Interchange Program.

Technical Representatives from Standard 0il served as the
key technical link with the research groups. They also lent
vital assistance by: providing proprietary data and undisturbed
soil samples; identifying newly emerging problems with design
and corstruction; coordinating activities among groups having
cimilar research interests; and helping with practical
implementation of research results.

Dr. Charles C. Ladd, Prcfes

(9]
0
1

of Civil Engineering, has
overall responsibility for operation of the Center as its
Direczcr. He is assisted by Dr. S. Shyam Sunder, Assoclate
Professor of Civil Engineering and Doherty Professor in Ocean

Utilization, who acts as the Zssocliate Director. Mr. Richard D.



Goff, SOPC Manager of Facilities Engineering and Construction,
' g g

serves as Monitor of the Center for Standard Oil.

1.2 ACCOMPLISHMENTS OF TEE CENTER

As pfeviously noted, three principal objectives of the
Center are to: 1) conduct coordinated interdisciplinary
research on Arctic offshore engineering in partnership with
industry; 2) support students engaged in offshore engineering
research; and 3) develop a scientific interchange program.
Since Section 2 of this proposal and Section 4 of Administrative
Progress Report No. 7 (APR 7) describe research accomplishments,
this section will focus on the other features of the Center.

1) Interaction with industry. The original Agreement between

MIT and Standard 0il stressed cooperative research in contrast

to more traditional arrangements wherein MIT performs research
with minimal, if any, sponsor collaboration or interaction. The
first year proved difficult for several reasons: inadequate SOPC
staff to provide dedicated Technical Representatives for all
research areas; initially ill-defined objectives for some of the
research tasks; and generzl confusion regarding access to and
use of proprietary data. 3ut during the next two or three
years, most of the resear~h tasks involved good to excellent
interaction with industrv. Examples include the following: SOPC
sponsorship of a special $250,000 program of in situ testing and
undisturbed sampling; 1925 fall technical review meetings held
both at MIT and in Dallas with participation by 11 standard
0il-BP staff; support of the Arctic silt research by eight
engineering-research organizations; successful rediresction of
hydrodynamic modeling approach at SOPC's suggestion; and direct
involvement by Center stzif in the foundation design cf a

drilling platform. Alcthcugh budget cuts substantially reduced

interaction during the pzst year, we believe that the Center has
clearly demonstrated a willingness and ability to work clocsely
with the offshore indusir:



2) Student involvement. The Center produced 12 Master of

Science and five doctoral theses during its first four years
(see listing in Appendix B of APR 7) and seven doctoral theses
are currently in progress. Student theses constitute an
extremely important aspect of the Center since: the graduate
students are of exceptional calibre; SM and doctoral theses
represent the eguivalent of about six months and two years
full-time effort, respectively; and support of full-time
graduate Research Assistants costs only about $2,000 per month
for salary, benefits and overhead!

3) Scientific interchange. We believe that the Center has

established an international reputation through its
publications, participation in and hosting of conferences and
workshops, and by leadership in professional societies with
interest in Arctic offshore engineering. Appendix B of APR 7
lists papers already publishéd, presented and submitted and
Table 2 of APR 7 gives a flavor of their distribution. MIT
hosted the June, 1986 International Conference on Ice Technology
and conducted :two highly successful workshops on ice mechanics
in November, 1284 and May, 1985. And Center faculty frequently
serve on governmental panels and review boards.

4) Outside Zfunding. Although not a specific cbjective, Standard

0il did expect its funding to attract other sponsors and hoped
‘that the Cen:zer could become self-sufficient after the five year
period of the ¢rant. Section 3.4 of APR 7 cescribes the sources
and amounts of outside funding obtained by the research groups
to support the Center's activities during the past four years.
As summarized in Table 3 (p. 18 of 2PR 7), the Center received
$1.5M from Corporate Contributions of Standard 0il and generated
the eguivalent of another $1.7M in research and eguipment
grants. Principzl sponsors include the Army Research Office,
MIT endowed Crzirs, MIT Sea Grant Program, Minerals Management
ervice, Nzticnzl Science Foundation, Office of Naval Research,

Standard 0il ®roducticn Co. and several encineering-research
n
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In summary, we believe that establishment of the Center
contributed to the following accomplishments.
1) Provided an unigue opportunity for faculty and students
representing various disciplines to work together on a

large scale research project of nutual interest.

has

2) Made significant progress in tne development of innovative

applied and basic technology to specifically address major

technical problems posed by the design and construction of

hydrocarbon exploration and production facilities in the
offshore Arctic environment.

3) Developed formal mechanisms to provide substantive
interaction between MIT and industry via cooperative

research that is needed to better guide and conduct the

research and to facilitate practical implementation of new

technology.

4) Attracted top quality students who have developed special

expertise in offshore engineering and Arctic technology.

5) ©Providaed leadership to the Arctic offshore engineering

community via participation in confereéences, workshops and

technical committees.

o

ot

6) Generzted broad based support for research activities in

arctic offshore engineering and

Q

cf the original Agreement between MIT and Standard 0il).

1.3 RECENT DEVELOPMENTS

3zse? on Standard 0Oil's favorable evaluation of its Cent

for Scien-ific Excellence program, MIT expected funding for
years Zour and five (i.e. Septembder, 1286 through August, 1388)
2t S400,000 annually in accordance witzh the original grant.
Zowever, =nhe continued decline in oil prices forced tandard 0il
to make substantial budget recductions, including those for
Corperzte Contributions. As a cdiresct conseguence, the Center:

-

i
submiztaed revised budgets of $2¢9,000 znd $168,000 for years

cnstruction (though thus

inly from U.S. government agsncies due to the nature

=
=S
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sour and five, respectively:; terminated its research in the area
of Risk and Reliability Encineering rather than making uniZorm
reductions in all research areas; and reduced funds for
acministration and scientific interchange (revised budget
-‘locatidns given in Appendix C of APR 7). In return, Standard
0il agreed to substantially modify the contractual Agreement and
to assist MIT for the purpose of seeking support for the Center
<yom other oil companies.

In particular, MIT anc S-andard 0il invited 16 oil
companies and 12 government agencies to attend a meeting at MIT
on April 6, 1987 entitled "A Research Partnership in Arctic
Offshore Engineering and Construction: Recent Results and
Future Directions" in order to acquaint them with the Center's
activities and accomplishments and to solicit their views on the
future for Arctic related research. Appendix A of APR 7
Gescribes the meeting and lists the attendees, which included
representatives from ten oil companies. In spite of adverse
funding for research by the oil industry, the Center's Advisory
Committee was encouraged by the favorable views expressed during
the meeting regarding the Center's activities and long range

objectives. In fact, several participants considered the Center

(l)
(ﬂ
ct

as being rather crucial Zor aining and advancing frelevant

long-term research during & p2eril iod when economic conditions
require the offshore industxry to curtail its own R&D eflIcris.
Zence, the Advisory Comittee decided to invite other compznies

to participate in the Center with egual rights to these cZ

standard 0il before expiraticn of the five year grant period.

T+ also contacted the Nationzl Science Foundation for interim
support via its ocean systems engineering program and lzarned

chat the program will nct be Zfunded in the near future.

1.4 CONSORTIUM COOPERATIVZ SPONSORSHIP
MIT invites oil companies to become sponsors of £he CZenter

snder a cooperative agresment starting January 1, 1888 Zcr an

10




annual fee of $30,000. The cooperative aspect is stressed

because we believe that a highly interactive relationship with

industry will benefit the Center by: keeping it informed of

industrial needs and interests; providing access to the

sponsors' in-house expertise and proprietary data; enabling

interpretations of research results from a different

perspective; and providing mechanisms for implementation of new

technology. On the other hand, consortium members will receive

t+he following benefits.

1)

2)

Lo
—

Tmmediate access to all prior research results developed as
part of the Center's activities over the past four years.
This includes specific requests for computer software,
experimental data, student theses, Research Reports and
professional papers (but excludes Draft Progress Reports as
these were informal documents and may contain proprietary
data) developed by projects supported by the Center.

The right to have a representative serve on the Advisory
Committee (see page 9 of APR 7 for current membership, which
will be expanded for each new sponsor). As previously
described, the Advisory Committee reviews raesearch results
and budget allocations, recommends changes in research
emphasis or direction and evaluates the overall ‘

effectiveness of the Center. Thus, sponsc

i
n

can represent
their own specific interests and goals. MIT requires,
however, that Zinal responsibility for directing the
research resides with the Director of the Center (Professor
Ladd) and the ®rincipal Investigators (i.e. the faculty in
charge cf individual research projects).

An invitation to actively engage in the research via one Or
more of the following mechanisms: attend periodic briefings

by MIT; informzl visits to meet with the

)
o
3

nter's faculty
2nd students: send a representative to worx at MIT on one of
ntis

\Y%
the projects {z.g. &s a Visiting Scien t, =Zngineer, etc.):;

and engage MIT personnel in part-time emplovment on in-house
research.

11




4) Rights regarding patented inventicns and copyrighted
software and related documentation equal to those of

Standard Oil.

1.5 PROPOSED OPERATION DURING 1988

The Center currently has funding f£rom Standard 0il and
other (mostly governmental) sponsors to sustain significant
research efforts until next fall in the three major areas of
research described in Part 2 of the Proposal. New funds
obtained by the consortium oil companies will be distributed to
the existing projects roughly in propcrtion to the number of
faculty and students. The Center plans to invite the Consortium
Members to a meeting at MIT for an extensive technical review of
prior, current and future research, probably sometime during
February, 1988 (the date would first be cleared with all
participants). This meeting may result in changes in researc
emphasis or direction during 1988 depending upon comments and
requests by the sponsors vis-a-vis existing commitments to
students and faculty interests and abilities.

A second meeting will be held during the fall, probably at
MIT, with two main objectives: 1) technical review of research
results and future plans after submittal of Draft Technical
Progress Reports by each Principal Investigator; and 2) meeting
of the advisory Committee to recommenc budget allocations and
research projects for the following vear, i.e. starting
January !, 1989. Hence, Consortium Members joining the Center
in 1988 can influence research directions during that year and
will cerzainly affect Center activities during 1989. However,
the exac:t scope and nature of the research will obviously depend
on the number of oil industry sponsors and the level of funding
obtained from other sources to suppor: similar research
objectives. Based on recent history, the latter should provice
$300,000=2100,000 annually.

b
(3]
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RESEARCH

C3JECTIV

IMMEDIATE-
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©
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2.1
2.1.1 Introducticn

The overall goal cf the research on

develop the technological knowledge base

economically engineering constructed facilities in ccld

ACCOMPLISHMENTS AND
UTURE PLANS

ICE MECHANICS AND ICEZ-STRUCTURE INTERACTION

ice mechanics is to

required for safely and

>
e

gions

that either resist ice loads or use ice as a material of

construction. This will be accomplished

~
~—

through an extence

program of research consisting of the following three

interrelated tasks:

1) Constitutive Description of Deformation and Failure in Ice

2) Analytical and Numerical Modeling of Ice-Structure
Interaction

3) Analysis of Global Failure Mechanisms of Ice Floes and

Ridges
The planned research builds on MIT's

in the mechanics of materials, mechanics

structures, and computac
+o undertake cross—disciplinary research

offshore engineering as evidenced by the

Center for Scientific Ixcellence in Offshore Enginee

ional mschanics as well as

disciplinary strengths

of soclids and

its ebilizy
focused on ArCtic
accomplishments of =he

rinz. The

practical significance oI the ~zsearch has drawn heavily Ircm a
continuing dialogue wizh ice lzboratories at home {such as TUSA
CRREL) and abroad, and close intesraction with the oil industiry.
This proposal seeks toc Iurther z=rengthen ties with indusiry.
The Center's ice rsssarch rzs covered a wide spectrum cf
problems over the past Zour vears. They include the <svelcpment
of simplified damage models of Ice deformation and Zallure
criteria; development =f 3-D inZentation solutions fcr zn elastic
and rigid-plastic materizl; anz_vsis of 2-D flexural cracking
and spalling cof edge lczded ice sheets; and a study oI splizting
failure of finite size ize £flces. Most of this worx nzs Iccused



on the summer impact problems associated with larce drifting
floes.

significant progress has also been made in the description
of ice deformation and failure under "breakcut" or creep
conditions, characteristic of the winter season. In particular,
the problem of indentation in the creeping mode for wide
structures in the Arctic nearshore zone has heen extensively
studied with newly developed numerical simulation models.
Advanced constitutive descriptions of three-dimensional
viscoelastic flow as well as distributed ané local cracking have
been developed. Current work is attempting to numerically
simulate the formation and propagation of cracks in
viscoelastically flowing ice.

A new Low Temperature Materials and Structural Models
Testing Facility under development at MIT will represent an

integral part of the planned research activity. The primary

 focus of the laboratory will be to understand and quantify the

deformation and failure behavior of ice, specifically to verify
the constitutive models under development. Most of the funding

m federal sources

th
It
O

for this facility has already been obtaine

U)

such as the Naticnal Science Foundation and

ot
3
[}

Army

C.
Construction

(]
o

Research Office through its Center for Adva

()

Technology a:t ¥IT. Additional funds have neen obizined through
o

grants from the xzlantic Richfield Foundazicn (to MIT's
interdepartmental REMERGENCE Laboratory) zné thes Standard 0il
Compzany.

Descrip=icns of the individual task zresas as well as the

Tce Testing Facility are provided in what Icliows.

5.1.2 Cons-itutive Description of Dsfcrmaticon and Failure

cf Ice
Soundary val_ue problems in applied ize machanics involving
mul=iaxial szz-es of stress and complex lcziing nistories, such

as =nose enccunzsred during ice-structure are

14



increasingly being solved using numerical models including the
finite element method. Constitutive models are reguired to
characterize the deformation and progressive failure of ice due
to flow, distributed cracking, and localized crack propagation
in numerical simulations.

A multiaxial differential flow law has been developed to
model the elastic, transient, and steady flow in ice. Flow (or
creep) is modeled in terms of two nonlinear deformation-rate
mechanisms: the first mechanism governs the transient
deformation-rate (creep) which decays to zero as an elastic back
stress measure increases asymptotically; the second mechanism,
which is modeled in terms of the well-known power law, governs
the viscous deformation-rate. The transient deformation, an
internal state variable, defines the magnitude and direction of
prior deformation history in the material. The uniaxial model,
\ich contains a total of five parameteéers, satisfies the
dimensional requirements identified by M.F. Ashby and P. Duval.

T ultiaxial generalization follows from conventional

city theory and from the rate theory of flow for the
fecous and transient deformation-rates. An orthotropic mnodel

omprassible flow has been ceveloped to describe texture
risotropv in ice and equations have Dbeen derived for estimating
.2 model parameters from uniaxial data. History effects, which
cive rise to stress induced or evolving anisotropy, are modeied

wizh a kinematically hardening formulation based on the transient

s=rzin (or, equivalently, the elastic back stress) vector. The
mcisl pradictions have been verified against experimental dztz,
parcicularly on freshwater polycrysctal line ice.

ice cisplays purely ductile, purely brittle or combined
n

avior depending upon the temperzture and conditions of locading.

Tre phenomsnon of distributed cracking ass ciated with the
fcrmation and stable growth of cracxks governs the ductile-teo
svi--le =ransition or purely brittle behavior of ice. The
Chenomanon, sometimes termed damage, controls the process of



failure of cuasi-brittle materials such as ice prior to
localization of fracture {formation and propagation of a single
crack) . Distributed cracking weakens the material; under
constant strain rate loading this contributes to “"strain-
softening" and under constant stress loading to "tertiary"
creep. Conseguently, the ultimate strength and post-peak
response of ice is generaily governed by damage. Damage
processes are particularly significant when the state of stress
involves compression.

Research has been initiated to understand and characterize
damage processes and the interaction mechanisms between damage
and flow in ice. The study is investigating the 1nfluence of
confining pressure on damage during constant strain rate loadlng
and under conventional triaxial states of stress. The
application of a low to moderate level of confining pressure
tends to suppress cracking, which in turn allows a higher
shear/distortional stress to be sustained. As the confining
pressure is further increased the material displays pressure
in sensitive ductile flow, and eventually at very high confining
pressures ice may undergo a change in phase or mor?hology. This
research involves the following sub-tasks:

(a) To generate & comprehensive set of experimental data
under triaxizl loading at constant strain rates in “he ductile-
to-brittle range.

(b) To investigate the formation of "first" cracks during

deformation under triaxizl loading by monitoring acoustic

emissions.

- .
(c) 5 Zev

ntitative acoustic emission
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time, direction, and size)

ocacding.
(d) <To zheoretica_ly characterize the rate-ssnsitive
evoluticn =f damage during deformation by viscoe.astic flow.
Pre-isus work a:z MIT has established the lins hz<ween the
sirst crzcx “crmation unisr tensile and compressive lcading



under uniaxial concditions bassl on a rate-sensitive limiting
tensile strain criterion. It has been shown that first crack
formation governs the tensile strength ané yield in compression
for ice with moderate to larce grain size. ‘gub-task (b) will
allow generalization of the relationship to multiaxial states of
stress. This will result in a rate-sensitive failure theory £fcr
ice that will limit deformations and define strength when the
state of stress involves tension and define yield in pure
compression. The material can sustain adcditional stress after
yield in pure compression.

Localized crack propagation under tension can be
characterized in terms of a toughness or energy measure. Ice
displays both "gquasi-brittle" and "creep" behavior depending on
the temperature and rate of loading. Objectives of current MIT
research are to (i) establish the conditions under which linear
elastic fracture mechanics is applicable and that under which a
nonlinear characterization of fracture behavior 1is necessary; and
(ii) characterize the fracture toughness when linear elastic
fracture mechanics theory is not applicable. This involves za

study of the toughening mechanisms particularly at high rates cZ

loading and iow temperatures wnere ice behaves as a "gquasi-
brittle" material. 1In such materials, the "process" zone ahead

a o)
of the crack tip i oes not resemble

s
the kidney shaped plastic zornes oI metals.
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behavior can be characterized In terms of a stire
relationship. The following specific sub-tas

undertaken:

(c) rs Zevelcop theories Zcor predicting the Drocess zone
size and cri-ical crack tip cpesning displacement (CIOD) during
ice fracture nzsa2d on the expsrimentally determined stress-



~igcn curves.

fn

separ
(3} To develop specifications for fracture testing cf ice,
particularly the selection of specimen sizes.
The principal investigator for +his task is Professor S.

Shvar Sunder.

2.1.3 Analvtical and Numerical Modeling of Ice-Structurs

Interaction

Tris task seeks to develop methods for establishing the
local and global contact forces which arise during ice-structure

interact-ion. Crucial insight into this complex problem can be
achieved by examining various, suitably idealized, analytical
and numerical models. These models are to be developed for
various indentation scenarios and therfore employ approximations
of ice deformation response which range from linearly elastic to
mroe general rate-sensitive constitutive descriptions. The
proposed research focuses on anélytical models and numerical

mcdels separately. They are further described below.

i-zlvtical Modeling of Ice-Structure Interaction: In vosw
cf the szasitivity of ice strencih to confinement conditions,
accurazs descriptions of the thrse-cdimensional states OI Stress
in the contact zone are of particulzar importance. Ice shest
inden-z=ion models nave previouslv Seen develcoped which idealize
the ice 2s a rigid-perfectly plastic material. Upper and lowsr
Sounss for indentation pressures can thus be cectermined using
limiz znzlysis. Verious yield Zuncticns can o2 used in the
-nvez-iimznsional models which are capable of znalvzing small,
intermziiate and large aspect ratiocs. The transition Zrom plain
szress o plain strain conditions can therefore now De
fe-grmir~sd. The planned research ssers to focus on highser
velozizizs of impact which resul: in brittle deformation of =zhe
ics smes-. Three-cdimensional elasticity solutions Zor an ecgs
lczi2f z-meet have recenily been Zesveloped for wnich the edge



tractions are prescribed. Future work will involve tne znalysis
of anisotrocpic ice sheets, for which analyc ical soluticns may be
obtained for both prescribecd edge forces and prescribed
displacements. These results can then be used for the
prediction of éontact pressures which result in identazion,
spalling and flaking.

The principal investicator for this task is Prfoessor Dale

G. Karr.

Numerical Modeling of Ice-Structure 1In raction: The

objective of this research is to investigate using numerical
models the mechanics of deformation and progressive Zfallure in
ice for the purpose of predicting global forces and local
pressures generated on offshore structures proposed for
deployment in the Arctic. This work includes: (1) the
development of finite element methods oI analysis to account for
nonlinearly viscoelastic £low and smeared crack mode

and (2) the numerical simuletion of ice-structure interaction
‘processes for ice sheets incenting rigid cvlindrical
structures.

A Zinite element method

o
the nonlinsar viscoelastic and anisctropic behavior of ice based
b e

on a wsigchzed equilibrium-razte formuiztion. In€ Iate
formulazion lows rezlis=-iz simulaticn ¢f fhe spatizl-temporal
variabilitv in the strain rate field “inition
of an average strain rate measure is load
models derived from ;las:i:i:y theorv. ¥
vardening constitutive molel of flow

ciffe

numerical integration algcrithm based

Raphscrn, =Zschnigue has bssn developed

convergence in problems wnhere inelastl

varianle in-erface condizlicns between tnhe ice featurs zni the
structurs can be simusatei o bound the effscts of intzriace
opond ¢z Iriction.



Numerical simulation studies have besen performed uncer
plane stress conditions to study the sea ice indentation problem
for wide structures under steady flow conditions. Creep is the

predominant mode of deformation for artificial islands in the

Arctic nearshore region during "breaxout" and/or steady
indentation conditions occuring during winter. Further,
sulzing from creep are

n
stresses, strains and strain rates re
necessary to predict the growth and propagation of localized and
Gistributed cracks when rate effects influence fracture

behavior. The numerical simulaticns guantify the effect of (i)
material model, i.e., isotropic versus transversely isotropic;

S
(ii) natural variability in material parameters; (iii)

"

zpproximate versus "exact" methods of analvsis and the ability
of each to model interface adfreeze and friction as well as

field; and (iv)

]
. ]
o}
A
[t)
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o

spatial-temporal variability in the str
grounded rubble pile or accreted ice foot. Theoretical
predictions of pressure-area curves used in the design of
structural components have been developed.

The primary focus of current research is concerned with

rnodeling guasi-static propagation oI diszraite fensile cracks and
the development of distributed cracking or "damage" zcones under
compressive loading. The numericzl mocdel unier development 1is a
generalization of the finite element Zormulzzion to account for
zensile c¢racks and damage zones. Two oI fhe more common
approaches for studying tensile cracking are the discrete crack
nodel !

zliminates the need for remeshing as the crazck advances. An

ad&dad zcdvantagce is that smearel cracxk mcisls czn be extaniaed
sasily to zllow Zor an objective egnsrgy relezss rate criterion
Zor propaczeation ¢f discrete tensile ¢racks. Tnils criterion
~elps mollfy a2 "tensile sirsngiih'" Dzsel cracx Tropagation
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criterion, which produces resul nat may be sensitive to the
e

articular choice c¢f a finite elerasnt mesh size, to a

{8}

o

"zoughness" or "energy" based criterion that governs the

fracture behavior of materials. The resulting theory is called

i

the blunt crack theory. The smearad crack model and its

variation, the blunt crack ban: theory, is known to provide

accurate estimates of overall material response although details
cf individual crack growth patterns are known less precisely.
But in applications where the primary objective is to predict
the total loads transmitted by an ice feature, as is the case
for ice, such details are of less importance.

These crack models will be developed and implemented in
conjunction with the rate-sensitive multiaxial failure criterion
for compressive yield/tensile fracture strength also under
development. Generalization of ths finite element formulation
for modeling the development of damage zones will reguire the
development and implementation of a numerical algorithm for
sinulating strain-softening as well as the constitutive theory
of rate-sensitive damage.

The principeal investigator Zcr this task is Professor S,

Shyam Sunder.

2.1.4 Analvsis of CGlcbzl Tzilure Mechanisms of Ice Flgoes
ané Ridges

The objective of this task is o describe the process oI
initiztion of cracks in ice shesiz znd the transition from loczal
compressive failure fo globzl craciking and fragmentation oI Ice
clates. From the zanalyses, reliztle estimates of the magnitucde
cf loacs exerted Dy moving ice shsets 1mplnglng stationary
structures will be obtained., The szme results can be used O
improve existing models of ices Zyrnamics at the Intermediate and
_argce scale.

The corners:ione of the troocssZ new approach to lce lcad
credictzicon 1s the concept ol zn Irnzsractive fzllure This




concept is based on the observation that local crushing
deformation at the ice-structure interface induces global
failure of ice in the form of either horizontal spalling or
radial and circumferential cracking. The process of global
failure of ice serves then as a force limit which prevents the
total contact area from developing its full crushing strength.
The above effect, in conjunction with the concept of structural

imperfections, and non-simultaneous £failure will lead to the

derivation of design criented formulas for applications in

-

offshore structural desigrn. There are a number of practical
scenarios that will be adcressed during the course of the
proposed research. They will include:

| (a) Analysis of splitting failure of inertia driven circular
and rectangular floes hitting stationary structures.

(b) Determination of cushioning effect of smaller floes
trapped between the siructure and large incoming floes.

(c)‘ Study of floe-to-Zloe impact.

(d) Investigaticn cZ :zhe effect of edge crushing, chipping
and spalling of the iritizzion of rafting and ridge building
activity.

(e) Quantitative assessment of the effect of residual
stresses, thickness variztion, and lozd eccentricities on the
flexural failire oI multi-resar ice covers.

The theoreticzcal orziicztion will be validated by laboratory
experiments on britile disws, large scale tests conducted by the
industry (e.g., Ezns Islzni), mesoscale measurement of ice cover

ct and mcre recent data acguired by

or this task is Professor

2.1.5 Texperzziure Mz-erials and S=ructural Models Testing
Tamd e
PO oS S

The Low Tempsrazture Mzterilals and Sctructural Mocels

22



Testing Facility, under development at MIT, will allow
experimental rssearch at temperatures in the range of -50°C to
0°C. The facility will inciude the special sample preparation
and testing eguipment as well as data acquisition system listed
below:

(1) Three cold rooms: £or (i) growing seed ice crystals and
ice specimens; (ii) sample preparation, thin section
photography, and post test sample preparation for SEM analysis;
and (iii) mechanical testing. The testing room will be capable
of temperature control to within 0.2°C or better. Temperature
in the growth room may be reduced up to -10°C with the same
variation, but this room will also be able to sustain a
temperature gradient in the vertical direction. The third room
will operate at temperatures between 0° and -2°C with a coarse
temperature control.

(2) Loading frame rated at 220 kips and cross-head speed of
1 in/s and able to accommodate varable size specimens up to 30
in: the frame will be a general purpose four-post uniaxial
system capable of applying compression, tension and cyclic
loading. Incdependent conircl of the racdial stress for triaxizl
testing will be accomplished using a

r

s
attached 0 & transfer barrisr. The hyvcéraulic actuator will be
e

rated at 360 Xips in order =o deliver 220 kips at 1 in/s. The
cdesign will minimize mechanical noise Zor acoustic emission

o
(3) Triaxial cell to accommodate specimen sizes up to
s zzer and 14 inches in height. The device wi

et
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221 as well zs radiazl and axizl
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Ceformation transducers. This cell will be capable cf

celivering & confining pressure of up =0 12 ksi.

(&) Acouszic emission monitoring svstem with host computer,
craznsiucers and nulti-charnnsl monitoring svsiem. Available
sofcware Igor tcocation analvsis will be incliucded, while cotfners
will be wrizten.



(5} Data acquisition system composed of a microprocessor
controller and a high speed analog to digital converter. The
systems will include (i) multi-channel signal conditioning, (ii)
high speed multiplexer and voltmeter, (iii) computer based
contrellér, and (iv) data processing of graphics display.

Punding for the testing facility has been obtained from the
National Science Foundation, the Standard 0il Company (now BP
America), the Atlantic Richfield Foundation, Army Research
O0ffice, and MIT. The cold rooms have been installed andéd are
operational. Specimen preparation equipment have either been
purchased or are being designed and fabricated at MIT. After
extensive negotiations, guotations have been obtained for the
méchanical testing machine, the triaxial cell, and the acoustic
emission equipment. These should be installed within a year's
time with some additional financial support from the Army
Research Office (through its Center for Advanced Construction
Technology at MIT). The overall cost for the testing facility is
about $500,000. PFunds will be reguired from the Center for
operational costs and salry of laboratory staff.

The principal investigator for this facility is Precfes

s
Shyam Sunder. Dr. John T. Germaine, Director of MIT's REMIRGINCE

o ory (of which facility is an integral part)
co-principal investigator. The facility alsc supports 253% cf a

echnician's time.

2.2 CZOTECHNICAL INGINEERING

2.2.1 Background and Research Objectivss

Zzaufort Sea ¢gravity struc s
loacds =zt sites where the subsea s0il p
weak Zrctic silts overlying relic permafros:, The

Dose Two unigue Zoundatio
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to other offshore soil deposits. Although simplified analyses

based on empirically derived soil parameters have generally

proven satisfactory for gravel islands in shallow water, such
procedures are not adequate for the foundation design of the rnew
generation mobile gravity structures. Hence, the geotechnical
research effort has two obiectives:

1) Develop specific guidelines regarding recommended in situ
and laboratory equipment and procedures to reliably msasure
the stress-strain-strength properties of Arctic silts
subjected to complex loading conditions, which started in
fall 1983;

2) Develop theoretical procedures for predicting the foundation
stability and deformations during initial set-down and

subsequent ice loading, which started in fall 1584.

2.2.2 Research Approach and Past Accomplishments:

Experimental

The Arctic silt research entails three interrelated
experimental phases (also see Section 4.4.1 of APR 7):

1) Develop an understanding of the geologic history of the

Beaufort Sea silt depcsits, their variability in terms oI
composition and index properties, and reasons for their
unusual behavior comparsd to other offshore sediments;

2) Detailed investigation c¢f basic strength-deformation

properties as a function of temperature, geologic and stress

¢

histories, and mode of fazilure (anisotropy) needed <

predict foundation pericrmance during and after set-Cown;

W
~

Develcp a special lzborztorv shear testing device o
simulate stress-strain-strength behavior under the very

complex stress conditions imposed during ice loadinz.

[
i

Work under Phases . &and Curing the past four years

focused mainly on detazilel investigations at three Beauior:t Sez
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piezocone testing and continuous fixed piston sampling for the
Center. The laboratory program on these samples (plus others
from Harrison Bay) included: carbon dating and pollen analysis;
compositional analyses; radiography to assess disturbance and
macrofabric; an extensive evaluation of stress history and
consolidation properties (including effects of temperature); and
assessment of undrazined stress-strain-strength properties via Kg
consolidated-undrained (CKpU) triaxial compression/extension

and direct simple shear testing. The latter employed SHANSEP to
measure behavior as a function of overconsolidation ratio and
for comparison with the Recompression technique. A%t the other
two sites located in Smith Bay, SOPC furnished comprehensive
data from programs conducted as part of design studies for an
offshore platform, these including results from piezocone and
field vane tests and laboratory consolidation and Recompression
CKoU strength testing. The Center conducted an extensive series
of SHANSEP direct simple shear tests for comparison. One of the
smith Bay sites had been subjected to severe ice gouging,
whereas the other was heavily overconsolidated throughout and
both contained CL-CH clays rather than ML-MH silts.

Five unpublished SM theses present research resulzs from this
four year study that wzas co-sponsored by MIT Sea Grant and

several engineering-research organizations.

=

Benefits to caze “rom the Phase 1 and 2 experimental
n

research can be summarized as follows. Regardir

behavioral issues, ocur comprehensive evaluation oI th

e
history, strength ané consolidation properties at three Beaufort
Sea sites:
e Demons<rates +the extreme importance that ¢edologlc
has on the resultant strength-compressibilit; profiles,
meaning Pleistocene versus Holocene andé the eff
gouging {(althouch the mechanisms cau ing precon

in Holocene ceposits remain unclear);

o Indica-es -hat zhe basic stress-strain-strength properties
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of Arctic silts are not that different from other offshore
sediments (although we are still collecting data from
other sponsors to cover a broader range of soil types):

o But correct assessment of these properties reguires more
careful sampling, laboratory testing and interpretation
than usually obtained from routine investigations.

Regarding the impact of our research on engineering practice, we

have shown that:

o Site investigations should employ fixed piston sampling,
as opposed to prior use of push samples;

e Field vane and conventional laboratory undrained strength
testing will often yield unreliable data due to excessive
scatter and/or extreme bias on the unsafe side (e.g., by
50 to 500% at Smith Bay):

e Cone penetration data can seriously overestimate design
strengths due to partial drainace and/or with highly
overconsolidated deposits; '

e SEANSEP appears to be more reliable than the Recompression
technique for estimating in situ stress-strain-strength
properties;

o Uncdrained strengths for initial focundation stability can

be estimated for preliminary desicn via the fcllowing

cu/o'vo = (0.26 = 0.02)(0Cr)C-7-0- 8

The above experimental work was supervised by Professor Ladd
and Dr. Germaine, Head of MIT's Geotechnical Laboratory, and
gearlisrx by dvofessor Einstein (sse Par: 3 for biographical data
on the incipal Investigators). Secticn 2.2.4 describes
research under Phase 3.

2.3 Research Aporoach and Past Accomplishments:

Theoretical

B

Gravity Arctic structures can cause severe stressing of the
e

cravizv lcading and sspecially



due to horizontal ice loading, &nd hence to significantly lower
factors of safety against founcdation failure than typical of
conventional offshore structures. Research in the theoretical
area first concentrated on undrzined stability due to verticeal
gravity loads since little information existed on the bearing
capacity of very wide rigid structures founded on thin soft
lavers (e.g., 25 ft of Arctic silt over relic permafrost). It
then focused on identification of problems associated with
predicting foundation pericrmance under horizontal ice loadings,
regarding both the ultimate resistance and especially
deformations prior to failure. These studies clearly showed the
need for a "generalized" soil model in order to predict
undérained, partially drazined ané fully drained behavior under
complex states of stress. Hence, this write-~up will focus on
that aspect of the Center's theoretical research (Secticn 4.4.2
of APR 7 summarizes the other wcrk and presents further details
on MIT's soil modeling efforts).

Cambridge University developed the first generalized

stress—-strain model in the 1960's to predlct the behavior of

isotropically consolidated triaxial compression tests during
urérained and drained shear. 2lthough still used in cffshore
practice to predict founcation performance, the Modified Cam-Clay
neglects important soil fsatures such as: initial aniso:tropic
c-rssses, siress—-strain-strengih anisotropy and strain softening.

tosequent work at MIT removed these limitations (19 octoral

T 1
tnesis by Kavvadas) for its rsssarch on piezocone pe
e

o=Zshore friction piles. 3But the MIT-El molel treats

stvess—-strain behavior within fhe yield surface in a nonlinear,
elzstic fashion and therefore, like the Modified Cam-Clay, is
restricted to lightly cverconsclidated soils.

" Research partially supporzed by the Center has cevelcped the
MTT-E3 constitutive model to describe the behavior cf sclils with
varving overconsolidation undser both monotonic and cvclic lcading
{2337 doctoral thesis by wWhiz:tle). It has three compcnents: 1)



a Perfectly Hysteretic model describing behavior at small strain
jevels; 2) an Tlasto-Plastic model for OCR=1 clav describing
evolving anisotropv via rotational hardening of the yield
surface; and 3) a Bounding Surface model describing plastic
strains for overconsolidated soils. Using model input parameters
from fairly standaré laboratory test data on Boston Blue Clay.,
MIT-£3 gives excellent predictions of: the effects of OCR; the
anisotropic stress-strain response measured in the Directional
Shear Cell; and cyclic loading in undrained direct simple shear
tests.

The above theoretical research was supervised by Dr. Baligh,

Professor of Civil Engineering.

2.2.4 ©Planned Research for 1988

Experimental research on the Phase 3 objective of measuring

stress-strain-strenc:sh behavior of Arctic silts during ice
loadings started twc years ago as part of a doctoral thesis by

Mr. DeGroot. The problem is very complex due to the large radial

}_.l

strains that are likely to occur during initial set-down
(especially if the silts exhibit the pronounced strain softening

measured in direct simple shear tests), followed Dy stress

inecrements curing ics loading that cause substantial chances in
the directicn ¢ shezring. AnD apable of
simulating tnis comolex mode of signed zand
constructed. The sgulipmenc, wil ensive
automation, applies normal and s increments due to
cravity loacding in cne directicn partial drainage)
and then shears the soil undrainsd nventional
dirsct simple shear; to replicate t i i £ angles
rancing between zerc and 180 as is nearly
completed and the Iirst comprens i1l stucy
pzsic behavicral =rends for Bes:t has an
vunicue cdata DSzse rzzarding aniscIro strzin-strength
properties. The MIT-ZI3 model w predict




behavior and guide the experimental program. Undisturbed samples
from Mukluk will then be tested.

although the above experimental research, combined with
evaluation of the MIT-E3 model's ability to adeguately describe
Arctic silt behavior, will constitute the main effort during
1988, we also plan to prepare draft guidelines for recommended in
situ and laboratory equipment and procecures for measuring
engineering properties needed for the foundation design of Arctic
offshore gravity platforms. The Center originally planned to
have significant input from several geotechnical firms with
Arctic offshore engineering experience during preparation of this
"manual," plus access to in situ and laboratory test data from
other Beaufort Sea sites. Unfortunately, the decline in oil
prices and Arctic exploration caused these firms to largely
withdraw from our cooperative research. Hopefully, one or more
of the new Consortium Members will'want to participate both
regarding their practical expertise and access to experimental
data.

+aff for the Geotechnical Engineering research during 1988

include: D>rofessor Ladd as Principal Investigator; Dr. Germaine
(Lecturer and Head of the Geotechnical Laboratory wizh specizal
expertise in experimental soil mechanics); Dr. Whittle (Research
Associate with special expertise in cons:titutive moceling and

computer application) and Mr. DeGroot, who should be finishin

o]

his doctoral thesis. DProfessor Bzaligh, zlthough on sabbatical
leave un=il June, 1988, will be available to help with problems
rela-ed to theoretical soil mechanics, foundation engineering and

e
in situ testing.

2.2.5 General Plans for Continuaticon After 1968
3esides completing any unfinis s o]
& research in the general arez cI
3 and certainly represents a prime inter

21 group. Implementation of MIT-E3 into sracti
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requires development of a suitable finite element code, although
+his might best be done in close cooperation with Consortium
vembers. More appropriate research by the Center might then
focus on making the model more versatile, especially regarding:
incorporaticn of "rate effects" which can become important in
problems involving very fast shearing rates; and improved
predictions ©f heavily overconsolidated clays where behavicr may
ne strongly influenced by development of localized deformations
{rupture zones) before reaching critical state conditions.

The following summarizes two other topics of interest to the
ceotechnical group, although not necessarily restricted to Arctic
cffshore engineering.

1) Deep water structures, especially involving long friction
piles in cohesive soils. MIT has conducted extensive
research in this area during the past 10 years via a
combination of theoretical studies (Baligh's Strain Path
Method and MIT's generalized soil models), behavior observed
in a mocdel pile (the Piezo Lateral Stress Cell) and
evaluation of pile load tests (Empire, NGI, etc.). This work
is currently being supported by MIT Sea Grant and several oil

companies.

N
—~

Site characterization by in situ testing. MIT developsd the
first piszocone device and has long studied the fundamsntals

IR
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wind-induced currents and set-up, and the movement of ice floes
in partially ice-covered waters is essential to the proper
planning and design of offshore structures and operations in the
Arctic.

The ultimate objective of this research is to develop a
general numerical model for the prediction of wind wave
characteristics, wind-induced currents, wind set-up, and ice floe
movements in partially ice-covered Arctic waters. This general
model should consist of the following components:

i) A finite-depth wind wave model;
ii) A hydrodynamic circulation and set-up model; and

iii) An ice floe movement model.

2.3.2 Research Approach and Past Accomplishments

Our initial efforts concentrated on developing a purely
hydrodynamic model consisting of components i) and ii) above. To
this end we:

o Developed an improved model for wave-current boundary
layer flows [1], and incorporated this model as the
coupling link between a wind-wave model znd a
depth-averaged hydrodynamic circulation model (2].
Following the advice of Standard 0il Procuction Combany's

technical representative for hydrodynamic medeling our efforts
were subsecuently cirected towards a voupl'ng cZ modeling
components ii) and iii) above. In pursu

it
he depth-averaged coupled ecuations governing

o Derived G S
hydrodynamic circulation and ice floe movement for
partizliy ice-covered continental shelf waters, from Zfirst
nrinciples ([2].

o Develcped a novel and simple methodclogy Zor the
determinaticn of drag coefficients ¢f i1cs Zloes from Zield
experiments [3,4].

e Develcped a numerical finite element model for the
solution ¢ the coupled eguations ¢overning hydrodynamic

32



circulation and ice floe movement, and verified this model
for idealized applications [2]. Applied the model to
real-world conditions, corresponding to those encountered
during a field study of ice floe movements on the North
Alaskan Shelf, to predict with reasonable agreement the
observed movement of two instrumented ice floes [2,5].

e Supplied to SOPC tapes containing the computer code for
the finite element model with an accompanying User's
Manual.

While the results obtained from the depth-averaged coupled
hydrodynamic and ice floe movement model were encouraging, the
basic model formulation — the use of depth-averaged water velocity
- was recognized to have certain drawbacks: a) the use of the
depth-averaged velocity slows the temporal response
characteristics of the water column; znd b) a water velocity
(direction as well as magnitude) representative of the flow at a
depth comparable to the depth of submergence of the ice floe is a
more realistic reference water velocitv than the depth-averaged
velocity when formulating the hydrodynamic ice floe drag.

Both of these shortcomincs in the existing model formulation
are currently being addressed by cevelcping a model in which the
water column is considered to consis:t cf two lavers: an ﬁpper
layer in which both ice floes and water affect the dynamics; and
a lower laver which contains onlv water. This twc-layer model is
described in some detail in the nex:z ssction.

Dr. Madsen, Professor of Civil EZnzineering, supervised the

e

above rasearch and Mr. Terry Wwalden served as Technical
ep

oy

resentative for SOPC.

2.3.3 Planned Research for 1988
2 s

While believing that we have succseded in developing an
operational model for the precdiction ci ice floe movement in
partially ice-covered Arctic watsrs, the model does, however,
represent no more than a "zerocth crier” or "firs: ceneration”



model, in that the present formulation cf the coupled egquations
governing ice and water movement is based on the
volume/depth-averaged eguations, i.e., the water velocity
variable used in the model corresponds to the water velocity
averaged over the water volume/depth. This average velocity is
z1lso used, in conjunction with a hydrodynamic drag coefficient,
to express the hydrodynamic drag experienced by an ice floe.
However, if the ice floe thickness is not comparable to the
water depth, e.g., first-year ice floes and/or deep water, a
water velocity (magnitude and direction) representative of the
floe at a depth comparable to the depth of submergence of the
jce floe is a more realistic reference velocity for the
hydrodynamic drag than the volume/depth-averaged velocity. As a
striking example, consider an ice floe of relatively small
thickneés moving under the influence of wind on water df large
depth. For this condition the depth-averaged water velocity is
of negligible magnitude and directed pérpendicular to the
direction of the wind as a result of Coriolis acceleration,
while the near-surface water velocity is nearly in the wind
direction (off by 10-15°) and of a magnitude of about 3% of the
wind speed. For a model bazsed on the depth-averaged velocity
the ice floe would ke red to move at a speed of abodt 1.6%

of the wind speed in a cirection slichtly to the right of the

b
v
(@]
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wind. However, a mode unting for the near-surface velocity
as the appropriate reference velocity for the evaluation of the
hydrodynamic drag would predict an ice Zloe velocity of about
4.6% of the wind speed, i.s., a threefold increase in ice floe

velocity. To overco

3

2 thls wesakness of the existing model
formulation we are presentliv developing a two-layer cou

ice-water model in which =he water column (in the existing mcdel
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aver) is considered
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regarded as a singl
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layers: a) an upper laver o= a thickness of the order twice the
depth of submergence c¢Z the ice floes, D) a lower laver which

contains only water Irn zddition to providing a mere realistic

34



advective velocity

upper layer - the

for the ice floes -the water velocity in the

two-layer model will also make the surface
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stress makes it feasible to look for analytical solutions for
idealized shelf configurations and wind-forcing events. These
analytical solutions will be pursued and will serve as test cases
for the numerical two-layer model once it is available. Having
established confidence in the numerical two-layer model's ability
to reproduce idealized analytical results, it will be applied to
the real-world test case for (hopefully improved) comparison with
ice floe movement observations. |

It is anticipated that the research described above can be
completed by January, 1989 and will result in a User's Manual and
tapes containing the computer code for the general two-layer
finite element model, in addition to a general report (Doctoral

Thesis) describing theoretical aspects of the model formulation.

2.3.4 Generai Plans for Continuation After 1988
By the end of 1988 we should have:

1) A purely hydrodynamic model for wind-waves and wind-induced

circulation and set-up on continental shelves.
2) A hydrodynamic circulation and ice floe movement model for
partially ice-covered continental shelf waters.

Wwhile the first model does not account for the presence of
ice floes on the water surface - particularly important for the
prediction of wind-generated wave characteristics - the second’
model does not account for the presence of waves and the
resulting wave-induced motion of the ice floes. To achieve the
overall objective of the research as stated in the Introduction,
we must account for the presence of ice in the wave model ‘and for
the pfesence of waves in the ice floe movement model. To achieve

and
2), represents the plans for continuation of this research effort
beyond 1888,

this goal, i.e., the merging of the two model components 1)

o

It would appear beyond the present state of knowledge of an
ability to predict wind generated waves in finite-depth waters to

attempt to account for the presence of ice flo2s in a
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sophisticated wind-wave model. Similarly, the second-order
wave-induced drift force on floating ice floes mavy be
approximately evaluated only for idealized floe geometries, which
also suggests the adequacy of a simple and approximate wave
prediction model. The approach to be followed therefore stresses
simplicity.

Briefly, the literature will be searched for simple
formulations of scattering of waves by isolated floating bodies
of idealized form, e.g., finite length cylinders. This
information will be used to estimate the reflection and
transmission of waves incident on an ensemble of floating bodies.
For the wave generation problem the energy (or momentum)
contaihed in the reflected waves will be considered lost so that
the wind will be acting on a wave field characterized by the
transmitted wave. For the wave-induced mean motion of the ice
floes the mean momentum of the reflected waves suffices to
estimate the wave-induced drift force. In this manner simple
models accounting for the effect of ice floes on wave generation
by wind and for the effect of waves on ice floe movement can be
established. _

A unique possibility of testing some of the model components
mentiocned above will exist in the Ralph M. Parsons Laboratory at
MIT by 1989. By this time a three-dimensional wave basin (12 m
by 18 m) equipped with 47 individually controlled wave paddles
(each 0.3 m wide) currently under construction should be
completed. In this facility it will be possible to generate a
three-dimensional sea state and test, e.g., reflection and
transmission characteristics of rsalistic waves incident on an
ensemble of_ floating bodies as well as the wave-induced mean

moticon of the floating bodies caused by the incident waves.

37



2.3.5
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Luncheon Speaker, ASCE National Conference on Civil
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June 19-23, 1972, "On Wind Generated Waves in Deep and Shallow Water", MIT
Summer Course in Methods of Observation and Analysis of Harbor and Coastal
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January 28, 1974, "Sediment Transport by Waves', Dames & Moore Coastal
Processes Workshop, Jacksonville, Florida.

November 1974, "Wave Climate of the Continental Margin', American
Geological Institute, Miami, Florida.

June 8, 1976, "Sediment Transport in the Coastal Environment'", Virginia
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July 17-18, 1979, "Surf Zone Dynamics and Sand Transport", Nearshore
Sediment Transport Study Workshop, Scripps Institution of Oceanography.
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Combined Oscillatory and Steady Flow", Nordic Symposium on Physical
Oceanography, University of Copenhag=n.
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